INTRODUCTION
In both non-excitable and excitable cells, a mechanism of agonistinduced calcium signalling depends upon the activation of phospholipase C to increase the intracellular level of Ins(1,4,5) P $ . Binding of Ins(1,4,5)P $ to specific receptors allows calcium to exit from intracellular Ins(1,4,5)P $ -sensitive calcium stores, causing a rapid increase in the intracellular calcium concentration [1] . Prolonged responses to agonist-induced calcium signalling are maintained by the opening of calcium-permeable plasma membrane channels that enable calcium to enter from the extracellular space. This entry is coupled to store depletion through a ' capacitative calcium entry ' (CCE) mechanism that remains speculative and controversial [2, 3] .
One approach to identify the mechanism underlying activation of CCE is to characterize the store-operated channels (SOCs) responsible for the calcium current. The transient receptor potential (trp) protein of Drosophila and its mammalian homologues have been suggested to form these SOCs [4] . Molecular cloning of the Drosophila trp (Dtrp) protein [5] and the related trp-like protein (Dtrpl) [6] revealed structural similarities to voltage-and second-messenger-operated ion channels [7] .
The possibility that trp channels may function as SOCs is supported by the observation that the expression of Dtrp in Sf9 insect cells induced a novel calcium-selective current upon depletion of intracellular calcium stores by thapsigargin [8] . Similarly, the amplitude of the calcium-activated chloride currents driven by SOCs in Xenopus oocytes was augmented by the expression of Dtrp [9] . Additional support for trp encoding SOCs came from experiments where endogenous store-operated calcium influx was inhibited by antisense oligonucleotides directed against all six non-allelic trp genes [10] .
Recent molecular characterization has revealed the existence of multiple genes encoding mammalian trp homologues in cells from various organisms [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Although expression studies have suggested that at least some of the mammalian trp homologues may function as SOCs, the hypothesis is still controversial [13, 14, 16, 21, [23] [24] [25] .
The existence of numerous isoforms and the possibility that channels may be composed of different trp subunits [26] , highlights the difficulty of trying to establish which isoforms may function in CCE. Recently, the expression of five mammalian trp homologues (trp1, trp3-trp6) was determined in different tissues and cell lines, three of which were known to exhibit specific calcium-release-activated calcium channels responsible for CCE. It was shown that Jurkat and RBL cells have remarkably similar calcium-release-activated calcium current, even though they express different trp isoforms, suggesting that more than one trp isoform may participate in CCE [27] . This has been confirmed by expression studies in which both trp1 and trp4 have been implicated in CCE, with the most pronounced activity associated with trp4 [13, 14] . Furthermore, it has been proposed that heteromultimer formation by multiple trp isoforms may be necessary to elicit native CCE [26, 28] , although the actual arrangement is unknown.
Xenopus oocytes have been a widely used model for CCE studies [29] [30] [31] , and have been shown to exhibit enhanced CCE when trp proteins are heterologously introduced [9, 32] . However, the identity of the endogenous oocyte CCE channels is unknown. In the present study, we report the full-length cloning of a novel trp homologue, Xtrp, from Xenopus lae is. The encoded protein is most similar to mammalian trp1 proteins. In a recent study, it was found that antisense oligonucleotides directed against the human trp1 protein could inhibit the endogenous CCE in Xenopus oocytes [32] . Based on sequence similarity, the target for the antisense oligonucleotide was most likely the Xtrp protein described in the present study. We therefore suggest that Xtrp underlies CCE in Xenopus oocytes. Antibodies raised against 
EXPERIMENTAL Preparation of cells and tissues
Oocytes were obtained from X. lae is according to a procedure described previously [33] . Fully grown stage VI oocytes (1.2-1.3 mm diam.) were manually defolliculated. Oocytes and tissues dissected from X. lae is were rinsed and disrupted in homogenization buffer [50 mM Tris\HCl, pH 8.3\1 mM EDTA containing protease inhibitors Cθmplete4, Mini (Boehringer Mannheim)]. The resulting homogenate was centrifuged at 500 g at 4 mC for 5 min, and the supernatant was centrifuged at 25000 g for 15 min at 4 mC to pellet the microsomal fraction. The pellet was resuspended at 5-10 mg\ml in homogenization buffer.
Isolation of a Xenopus trp cDNA
A Xenopus oocyte cDNA library in pBluescript RN3 [kindly provided by Professor J. Gurdon (Wellcome C. R. C., Cambridge, U.K.)] was plated and screened using a $#P-labelled 304 bp PCR product cloned previously from Xenopus oocyte cDNA as a probe [9] . Hybridizing colonies were purified by successive rounds of screening. Two positive clones were obtained and the one containing the largest insert was subjected to DNA sequencing.
DNA sequencing and sequence analysis
Overlapping deletions were generated by exonuclease III digestion (Exo Mung Bean Deletion Kit ; Stratagene) in accordance with the manufacturer 's protocol. The cDNAs were sequenced in both directions by the Sanger dideoxy-mediated chain-termination method [34] , using Sequenase Version 2.0 (Amersham). The sequence was assembled with the Genetics Computer Group Sequence Analysis Software package and new sequencing primers designed to complete any missing sequence. Database searches, sequence alignments and analysis were also performed using Genetics Computer Group software.
Preparation of antibodies
Synthetic peptides, EL-1, based on the sequence of amino acid residues 557-575
, and CT-1, based on the amino acid residues 703-720
of the Xtrp were synthesized using the standard Fmoc (fluoren-9-ylmethoxycarbonyl) method on the Perceptive Biosystems synthesizer (Microchemical Facility, Babraham Institute, Cambridge, U.K.). The sequence of EL-1, corresponding to a putative extracellular loop between segments 5 and 6 of Xtrp, and the sequence of CT-1, corresponding to the intracellular region following the sixth transmembrane segment on the C-terminus (see Figure 2 and Figure 3 ) were synthesized with additional cysteine residues at the N-and C-termini to facilitate coupling reactions. The peptides were coupled to the purified protein derivative of tuberculin and initially rabbits were injected intramuscularly with 1 mg of antigen followed by a booster injection of 500 µg at intervals of 3 weeks. Crude antiserum was collected 10 days after each boost.
Five different polyclonal antibodies to the Xtrp sequence were generated, and the EL-1 and CT-1 antisera used in the present study were the most reliable. The specificity of each antiserum was tested using several different approaches. First, immunoblotting confirmed that they all specifically recognized the peptide sequences against which they were raised. Secondly, in Western blots, the antisera intensely stained single bands of the expected molecular mass. Finally, Western blots of Xtrp-GFP fusion proteins were performed and it was found that anti-Xtrp antibodies recognized the same band as anti-GFP antibodies. From these observations we suggest that the antibodies were highly specific for Xtrp.
Purification of the antisera
A large-scale purification of the antisera was accomplished using affinity chromatography as described previously [35] . Briefly, 3 ml of the crude antiserum was applied to 1 mg of the peptide covalently bound to 2 ml of solid gel (Sulfolink matrix ; Pierce and Wariner, Chester, U.K.) and recirculated overnight at 4 mC through the resin placed in the glass column. After washing with 0.1 M PBS, the antibodies were eluted with 100 mM glycine (pH 2.5) and neutralized with 1 M Tris\HCl (pH 8.0). The dialysate was concentrated using a Minicon B-15 concentrator (Amicon) and resuspended in storage buffer [0.1 PBS\0.2 % (w\v) BSA].
Immunoblot analysis
Proteins were analysed by SDS\PAGE (6 % gel) according to the method of Laemmli [36] . The polypeptides separated in the gels were transferred on to 0.45-µm PVDF membranes (Immobilon-
Figure 2 Amino acid sequence alignment of trp1 homologues
Xtrp was aligned to the published full-length sequences of Htrp1 [12] , Mtrp1 [17] , Btrp1 [18] and Rtrp1 (GenBank accession number AF061266) using MultiAlign [40] . Numbers of amino acids are given at the right. Identical residues with respect to Xtrp are represented by a dot (.). Dashes (k) indicate a gap. The location of peptide sequences used to raise antisera EL-1 and CT-1 are indicated in bold type and with asterisks. P ; Millipore) at 90 mA constant current for 2 h. PVDF membranes were blocked for non-specific binding with 5 % (w\v) skimmed milk (Marvel) in PBS\0.1 % (v\v) Tween 20 (PBS-T) overnight at 4 mC, and this was followed by incubation with the primary antibodies (EL-1 or CT-1 at 1 : 1000 dilution) in PBS-T with 2 % (w\v) BSA for 2 h. The membrane was washed a further three times (5 min per wash) in PBS-T and then incubated for 1 h at room temperature in 5 % (w\v) skimmed milk in PBS-T with the secondary antibody (horseradish peroxidase conjugated with anti-rabbit IgG at 1 : 2000 dilution ; Vector Laboratories). The membranes were then washed three times for 5 min in PBS-T and visualized with enhanced chemiluminescence reagent in accordance with manufacturers ' instructions (NEN4 ; Life Science Products). Bound antibody was detected using the Renaissance enhanced chemiluminescence system and Kodak X-OMAT film.
Immunocytochemistry
Freshly isolated Xenopus oocytes were defoliculated and fixed for 4 h in methanol at k20 mC [37] . To cryoprotect oocytes before freezing, the fixative was replaced with 30 % (w\v) sucrose in PBS (pH 7.4) at 4 mC overnight. Oocytes embedded in O.C.T. Compound (BDH) were frozen on solid CO # , and sections were cut using a Bright Microtome 5030 (Bright Instrument Company). Slices 26-µm thick were mounted on electrostatically charged microscope slides (Superfrost Plus Microscope Slides ; BDH) and left to dry in air. For indirect immunocytochemistry, sections were incubated for 2 h in PBS\2 % (w\v) BSA to block the non-specific binding, and incubated overnight at 4 mC with Xtrp antibodies (EL-1 and CT-1). After three washings of 10 min each in PBS, sections were incubated in PBS which contained fluorescein-labelled antirabbit IgG secondary antibody (1 : 200 ; Vector Laboratories) and 2 % (w\v) BSA for 2 h at room temperature. Finally, after three washes of 10 min with PBS, stained sections were mounted using Vectashield mounting medium (Vector Laboratories) and left to dry in the dark. In control experiments, the incubation steps with primary antibodies were omitted. Immunohistochemical stainings were visualized using an UltraVIEW confocal microscope (Life Science Resources, Cambridge, U.K.) using i60, i20 and i4 objectives (Olympus).
RESULTS
Using a PCR-based strategy with degenerate oligonucleotides derived from mouse brain trp, we previously demonstrated the existence of a vertebrate trp homologue in Xenopus oocytes [9] . To allow comparison with other trps, we sought to obtain a fulllength Xtrp cDNA using library screening (see the Experimental section). The 2998 nt sequence of the cloned Xtrp cDNA contained a single open reading frame of 2334 bp encoding a protein of 778 amino acids (Figure 1 ) with a molecular mass of 90 kDa.
Sequence alignment of Xtrp with known full-length mammalian trp sequences show that this newly-isolated vertebrate trp protein most closely resembled trp1 isoforms (Figure 2) . The amino acid sequence of Xtrp was 82 % identical (88 % similar) with mouse trp1 (Mtrp1) and human trp1 (Htrp1), 81 % identical (87 % similar) with bovine trp1 (Btrp1) and 78 % identical (84 % similar) with rat trp1 (Rtrp1). When compared with other mammalian trp isoforms, the identities were much lower, the highest was 44 % for rat trp4 (results not shown). At the nucleotide level, Xtrp was 78 % identical with Mtrp1, 77% identical with Htrp1 and 76 % identical with Btrp1. The degree
Figure 4 Western-blot analysis of Xtrp protein in Xenopus oocytes and Xenopus tissues
Microsomal preparations from oocytes (100 µg of protein), heart, liver and brain (each 30 µg of protein) were subjected to SDS/PAGE (see the Experimental section). The subsequent immunoblots were probed with CT-1 antisera at dilution 1 : 1000. The data shown are representative of three analyses of two independent tissue preparations.
of amino acid sequence identity varied considerably within the different structural domains. A putative cytoplasmic region in the C-terminal domain (residues 631-778) was most conserved with 90 % of residues being identical with mammalian trp1 family members. The identity between Xtrp and mammalian trp1 in the putative transmembrane segment (residues 336-630) was 78 %. Finally, the N-terminal domain (residues 1-335) was 85 % identical with the N-termini of the mammalian trp1 proteins.
Hydrophobicity analysis indicated the presence of eight hydrophobic regions, and hydrophilic N-and C-termini (Figure 3 ), similar to that predicted for other trp homologues [5, [10] [11] [12] [14] [15] [16] 20, 21] . It is likely that not all eight of the hydrophobic regions were membrane spanning, since the third and seventh putative regions were not sufficiently hydrophobic. Therefore, in accordance with the model proposed by Birnbaumer et al. [26] , and by analogy to voltage-operated channels, Xtrp is likely to be a six-transmembrane spanning protein (segments S1-S6 in Figure  3A) , with a putative pore region (P in Figures 3A and 3B ). Long cytoplasmic domains at the N-and C-termini flanked the hydrophobic core that makes up the channel. The N-terminal region also contained three ankyrin-like motifs (denoted ' A ' in Figure 3B ).
Antipeptide antibodies generated against two regions of the Xtrp sequence (regions marked with bold type in Figure 2 ), were used for Western blot analysis of Xenopus brain, liver, heart and oocyte preparations. Intensely staining bands, with an approx. molecular mass of 80 kDa, were observed in heart and brain tissue with both EL-1 and CT-1 antibodies. A lower level of staining was observed in oocytes and a much fainter band was detected in liver ( Figure 4 ). Both EL-1 and CT-1 antisera recognized the same 80 kDa protein in Xenopus protein preparations. The protein detected by EL-1 and CT-1 was " 10 kDa smaller than the predicted mass for the Xtrp based upon sequence data (see above). However, a similar observation was reported for the expression of trpC1 in Sf9 cells, where recombinant FLAG-TrpC1 also ran at a lower molecular mass than expected upon SDS\PAGE [25] , possibly due to posttranslation processing.
To determine the sub-cellular localization of Xtrp, immunocytochemistry was performed on Xenopus oocyte sections. Sections stained with both CT-1 and EL-1 antibodies displayed intense immunofluorescence at the plasma membrane ( Figures  5A-5F ). No significant staining above background was seen in the rest of the cell, except for a faint signal around the nuclear membrane ( Figure 5A ), which was also detectable in controls Molecular cloning of Xenopus transient receptor potential protein ( Figure 5B) . At low magnification, a consistent staining was observed all over the plasma membrane, as illustrated in the volume-rendered image in Figure 5 (C). At higher magnifications, and using a greater dilution of the antibodies, the plasma membrane staining could be deconvolved into an irregular spotlike pattern ( Figure 5D ), consistent with a punctate localization of Xtrp. The intensity of immunofluorescence showed no significant difference between the animal and vegetal poles of the oocytes ( Figure 5A ). Comparable staining was obtained using CT-1 ( Figures 5A-5D ) and EL-1 ( Figures 5E and 5F) antibodies.
Based on sequence similarities, the CT-1 and EL-1 antibodies should be specific for trp1 homologues. This was supported by Western-blot analysis of various mammalian tissues, including HeLa cells and rat atrial and ventricular myocytes, which revealed that these antibodies identified single protein bands (results not shown). Furthermore, immunocytochemical staining of HeLa cells using the CT-1 antibody demonstrated immunoreactivity localized to the plasma membrane ( Figure 5G , cf. Figure 5H ), similar to that seen in Xenopus oocytes. However, the pattern of immunoreactivity in HeLa cells was more diffuse than in Xenopus oocytes, with some staining also detectable inside the cells ( Figure  5G ).
DISCUSSION
In the present study, we describe the full-length cloning, molecular characterization and cellular distribution of a novel trp protein, Xtrp, from Xenopus. This protein has essentially the same structure as mammalian trp homologues, with a hydrophobic core and at least six putative transmembrane segments flanked by cytosolic N-and C-terminal domains (Figures 1-3) . Xtrp is most likely a homologue of the mammalian trp1 proteins, since sequence comparison reveals significant similarities to Htrp1 [12] , Mtrp1 [17] and Btrp1 [18] (Figure 2) .
In a recent study of calcium entry in Xenopus oocytes, the endogenous CCE current was inhibited in a concentrationdependent manner by antisense oligonucleotides directed against trp1 proteins [32] . The antisense oligonucleotide used in the study of Tomita et al. [32] was designed using known mammalian trp1 sequences. On the basis of the nucleotide sequence of Xtrp (Figure 1) , it is likely that the target of the antisense was the Xtrp protein described in this study (70 % sequence identity at nt 110-140 of the Xtrp sequence). The fact that the antisense oligonucleotide used by Tomita et al. [32] did not exactly match the Xtrp sequence may account for the incomplete inhibition of CCE in their study.
It appears, therefore, that Xtrp may function as an SOC in Xenopus oocytes. In support of this, we found that Xtrp was exclusively localized at the plasma membrane in Xenopus oocytes ( Figure 5 ). The punctate expression pattern of Xtrp was surprising, and suggests that the protein exists in discrete clusters at the plasma membrane. Interestingly, no significant differences in Xtrp expression were observed between the vegetal and animal hemispheres of the oocytes. These observations are remarkable, since it is known that the endoplasmatic reticulum and phosphatidylinositol second-messenger system is more abundant in the animal pole [38, 39] .
One puzzling feature of trp proteins is that they appear to be more abundant in excitable tissues than in non-excitable cells. To date, such observations have been made using Northern-blot analysis (e.g. [11, 12] ). However, our Western-blot analysis of Xenopus tissues also confirms this result at the protein level (Figure 4) . The relatively low expression of trp proteins in nonexcitable tissues such as hepatocytes (Figure 4 ) [27] is paradoxical since these cells have a pronounced CCE mechanism.
The role of trp in store-regulated calcium entry is controversial. Experiments using antisense oligonucleotides or heterologous expression, to diminish or enhance trp expression respectively, have so far provided the most significant evidence for trp homologues forming SOCs. In the present study, we demonstrated that Xenopus oocytes, which have been widely used as a model for CCE, also express a trp homologue. The localization of Xtrp to the plasma membrane, and the fact that it was the likely target for a CCE-inhibiting antisense oligonucleotide [32] , support the idea that Xtrp plays a role in calcium entry in Xenopus oocytes.
